The conductance for CO2 diffusion in the mesophyll of leaves can limit photosynthesis. We have studied two methods for determining the mesophyll conductance to CO2 diffusion in leaves. We generated an ideal set of photosynthesis rates over a range of partial pressures of CO2 in the stroma and studied the effect of altering the mesophyll diffusion conductance on the measured response of photosynthesis to intercellular CO2 partial pressure. We used the ideal data set to test the sensitivity of the two methods to small errors in the parameters used to determine mesophyll conductance. The two methods were also used to determine mesophyll conductance of several leaves using measured rather than ideal data sets. It is concluded that both methods can be used to determine mesophyll conductance and each method has particular strengths. We believe both methods will prove useful in the future.
The photosynthetic fixation of CO2 occurs at the enzyme Rubisco that is at the end of a complex diffusion path. The partial pressure of CO2 drops across any part of the pathway that has a low conductance. Therefore, any low-conductance component of the diffusion path poses a limitation to photosynthesis whenever CO2 is not saturating. The conductance to diffusion of CO2 in photosynthesizing leaves is commonly divided into three components: boundary layer, stomatal, and mesophyll conductances (9) . Mesophyll conductance has sometimes been defined in such a way that it includes biochemical factors, but we use it here in the more restricted sense of a physical diffusion phenomenon. These conductances may be subdivided further or lumped together in various ways (21) , but the simple three-part formulation serves our purpose. ' Because CO2 and water vapor share a common diffusion path from the air to the spaces inside leaves, analysis of water vapor fluxes allows accurate estimates of the boundary layer and stomatal diffusion conductances. These conductances to water vapor can be converted to conductances for CO2 by dividing the stomatal conductance by 1.6. Both the stomatal and boundary layer conductances to CO2 will be lumped and called gs.2 A number of studies (17, 20, 27) have confirmed the validity of such estimates of the conductance to CO2 diffusion through the boundary layer and stomata provided no stomatal heterogeneity occurs (28) .
The mesophyll conductance is much more difficult to assess and has often been assumed to be negligibly small (11) . However, the plants used to verify models of photosynthesis typically had high rates of photosynthesis that facilitated measurements but probably also selected for plants with high g,. Indeed, indirect evidence based on stable isotope fractionation and the response of photosynthesis to CO2 indicated that gm was large (10) . However, this may not hold for plants with thick leaves or with low rates of photosynthesis (22) . Nobel (21) estimated gm by considering each step of the CO2 diffusion path (cell wall, plasmalemma, cytosol, chloroplast envelope, and stroma) and estimating the diffusion path length, area available for diffusion, and the diffusion coefficient for each step. This method is not practical for measurements on a large number of plants. Troughton first relies on the fractionation ofstable carbon isotopes during photosynthesis. The degree to which the discrimination of Rubisco is expressed during intact leafphotosynthesis depends on the ratio Cc/Ca (8, 18) . Because the leaf discriminates against "3CO2, air that passes over a leaf will be enriched in 3CO2. By trapping the CO2 from an airstream passing over a leaf, Evans et al. (6) were able to determine the discrimination expressed by the leaf and, from that, Cc. This technique works well but requires a ratio mass spectrometer as well as a vacuum line adjacent to a gas analysis system for trapping CO2. The isotopic method for determining gm will not be discussed further in this paper; instead we shall focus on two other methods that do not require a ratio mass spectrometer. The methods we shall describe are more likely to find widespread use and may provide a confirmation of the isotopic method (19 In this report, we develop the theory behind these two methods and determine the sensitivity ofthe analyses to errors in the estimation of critical parameters such as the rate of Rd occurring during photosynthesis and the specificity ofRubisco for CO2. In the accompanying report, these two methods are compared with the isotopic method and used to determine gm in a number of plant species (19) .
THEORY
The drop in CO2 partial pressure as CO2 diffuses from the atmosphere to the chloroplast stroma is inversely proportional to the conductance of each step. Thus A = (Ca -Ci).g,/P = (C1 -CQ*g./P,
where P is the atmospheric pressure. The units of conductance depend upon how the driving force is expressed (4). Current units for stomatal conductance are usually defined with the mole fraction (mixing ratio) implicit. Because mole fraction is unitless, the units for conductance appear the same as those for photosynthesis (4).
However, as CO2 diffuses into the mesophyll, it must enter the liquid phase of the mesophyll cell. The amount of gas that dissolves in a liquid depends upon the partial pressure of the gas above the liquid according to Henry's law. If the dissolution of CO2 into the liquid phase or diffusion through the liquid phase are the predominant components of ga,, then it is most appropriate to use partial pressure for the driving force, which leads to conductance units of mol m-2 s-' bar'. We will follow the precedent laid down by von Caemmerer and Evans (30) and express gm in these units. This conductance is directly comparable to g, when the atmospheric pressure is 1 bar.
Current models of C3 leaf photosynthesis assume that carboxylation of RuBP by Rubisco is limited by one of three factors (7, 14, 23, 24) . These are (a) the activity of Rubisco, (b) the regeneration of RuBP, or (c) the release of phosphate during the metabolism of triose phosphate to either starch or sucrose. Over periods of several hours to several days photosynthesis will be limited by both CO2 availability and light availability; it is only over short measurement intervals that photosynthesis can be considered to be limited predominantly by one or another factor (25) .
When Rubisco activity limits photosynthesis, the following equation describes A: Obar CO2 or <20 mbar 02 or both). Because the PFD was maintained constant, changes in AF/Fm were related to J as described by Equation 8 and J was determined for every measurement of AF/Fm.
Gas Exchange
Measurements of gas exchange were made as described in the accompanying paper (19) .
RESULTS

Constant J Method
A theoretical response of photosynthesis was generated to help determine the effects of gm on gas-exchange characteristics of leaves. To this ideal CO2 response we introduced a finite gm (Fig. 1) . As gm was reduced from infinity (where Cc = CQ), the rate of photosynthesis at a given C1 declined. The family of curves in Figure 1 was analyzed by determining the variance in J as the estimate of gm was changed. The results are shown in Figure 2 . The variance reached a minimum (zero in this case of ideal data) at the value of gm used to generate the curve, as expected. We found that the variance was well behaved with a single minimum. The minimum was sharpest at the lowest value for g.. At the highest value of gm, the minimum in variance occurred over such a large range that it is of little use in estimating gm.
The constant J method was fairly insensitive to errors in Rd but substantially more sensitive to errors in r* (Fig. 3) . In both cases, the error was greater when gm was high than when it was low. For gm < 0.4 mol m-2 s-' bar', the error introduced by a ± 10% error in the estimation of Rd was less than 3%. The error in the estimate ofgm was more strongly affected by errors in r* when gm = 0.4 mol m-2s-'bar-', a 10% underestimate of r* resulted in a 32% underestimate of gm, and a 10% overestimate resulted in a 92% overestimate ofgm.
Typical experimental data obtained using a leaf of Quercus rubra is shown in Figure 4 (Fig. 4C) . The minimum variance occurred at g. = 0.083 mol m-2 s-' bar-'. In this measured data set, the variance did not reach zero as it did in the ideal data sets, but a single, distinct minimum was observed. The model of photosynthesis was fit to the data again, this time assuming a g. of 0.083 mol m-2 s-1 bar'. With this assumption, the model predictions for the CO2 response of photosynthesis were closer to the measured values (Fig. 4D ) than when gm was assumed to be infinite (Fig. 4B) . The introduction of g. required much more Rubisco activity and a higher J to account for the rates of photosynthesis.
Variable J Method
The constant J method worked well over a large range of CO2, but to resolve the effect of CO2 on gm required the variable J method. The effect of CO2 on gm was determined using Equation 7 and estimating J from Chl fluorescence and PFD. In addition to the uncertainties in Rd and r*, this method can be in error if the estimate of J is in error. The errors in the estimate of gm introduced into an ideal data set by varying the values for J, Rd, and F* by up to 10% are summarized in Figure 5 . For this analysis, Ci was set to 250 ,ubar. As with the constant J method, the estimate of gm using the variable J method was increasingly sensitive to errors as the value of gm was increased. In addition, the estimate of gm was much more sensitive to errors in J and r* than in Rd. For gm = 0.2 mol m-2 s-' bar-', a 10% overestimate in Rd gave a 5% overestimate of gm, for r* the error was 53%, and for J a 31 % underestimate. A 10% overestimate of Rd led to a 4% underestimate of gm, for F* a 26% underestimate, and for J a 233% overestimate (Fig. 5) .
In addition, the sensitivity of the estimates depended upon (shaded regions in Fig. 7 Figure 8 . In the case of Q. rubra, one measurement of gm at low C1 was higher than the rest; in E. globulus, gm appeared to be unaffected by Cl.
DISCUSSION
We have studied two similar techniques for determining gm, both of which require a standard gas-exchange measurement apparatus and the capability of simultaneously measuring steady-state Chl fluorescence but do not require a ratio mass spectrometer. In the constant J method, model parameters requiring estimation are Rd and r*; it is sufficient to demonstrate that J is constant over a given range of C, values. For the variable J method, it is also necessary to obtain quantitative estimates of J.
Not surprisingly, both techniques were quite sensitive to measurement errors, particularly when g. was high. The value of g,,, is inversely proportional to C1 -C, (Eq. 1). As C1 -C, decreases, any error in the estimate ofCc exerts an increasingly large effect on the estimate of gm. It is apparent in Figure 1 that the difference between the curves is reduced as gm increases, until the difference between gm = 0.4 and g. = 0.8 mol m-2 s-' bar-' is very slight. Using ideal data sets generated by the model, these slight differences can be resolved, but applying the technique to measured gas-exchange data becomes increasingly problematic for g.. above approximately 0.4 mol m-2 s-' bar-'.
Both techniques were far more sensitive to errors in the estimation of r* than to errors in Rd (Figs. 3 and 5) ; however, the value of r* is more certain than that of Rd. The value of F* may be determined either from in vitro Rubisco assays (15, 16, 31, 32) Assumed /Actual Value of Parameter Figure 5 . Errors in the estimate of gm induced by using ±10% of the correct value for r7*, Rd, and J using the variable J method for determining gin- Given the potential errors in estimations made by the variable J method, we chose to call measurements in which dC,/dA was less than 10 or more than 50 unreliable. However, the estimates of J by fluorescence appear empirically correct and Comic and Briantais (3) have confirmed that the specificity of Rubisco in plant extracts is similar to that measured in intact leaves using fluorescence techniques. Thus, we feel that the relationship between fluorescence and J is wellenough known to justify its use in the way we describe here.
In Figure 8 , there are six estimates of g. for Q. rubra averaging 0.137 ± 0.027 mol m-2 s-' bar', and six estimates for E. globules averaging 0.1 15 ± 0.026. Using the constant J method, we obtained a value of 0.083 mol m-2 s-' bar' for a different leaf of Q. rubra. These fall below the low end of values reported by von Caemmerer and Evans (30) , which ranged from 0.15 mol m-2 s-' bar-' for leaves with low rates of CO2 assimilation to 0.52 mol m-2 s-' bar-' for leaves with extremely high rates. Given the low photosynthesis rates in our study (Figs. 4 and 8 globules we determined values of 0.72 and 0.63, respectively, using the variable J method, whereas the constant J method yielded 0.55 for Q. rubra.
We believe that the two methods developed here will prove useful for estimating gm in many species. Because these methods are substantially easier than the isotopic method available until now, many more investigators may now be able to determine gm. Each method has its advantages: the constant J method is somewhat less sensitive to errors, whereas the variable J method can be used to determine the effect of pCO2 on gm. In the accompanying paper (19) 
